For deep injection of CO 2 in thick saline formations, the movements of both the free gas phase and dissolved CO 2 are sensitive to variations in vertical permeability. A simple model for vertical heterogeneity was studied, consisting of a random distribution of horizontal impermeable barriers with a given overall volume fraction and distribution of lengths. Analytical results were obtained for the distribution of values for the permeability, and compared to numerical simulations of deep CO 2 injection and convection in heterogeneous formations, using multiple realizations for the permeability distribution. It is shown that for a formation of thickness H , the breakthrough times in two dimensions for deep injection scale as H 2 for moderate injection rates. In comparison to heterogeneous shale distributions, a homogeneous medium with equivalent effective vertical permeability has a longer breakthrough time for deep injection, and a longer onset time for convection.
Introduction
In order to assess the integrity of the long-term storage of CO 2 in saline formations, one needs to predict the spatial distribution of the CO 2 and its partitioning between gas, liquid and solid phases, both during the injection stage, and for hundreds to thousands of years afterwards. For storage in saline formations, there are two kinds of CO 2 migration that are sensitive to variations in vertical permeability.
The first kind occurs in the shorter term when injection takes place deep within a thick heterogeneous formation, with the intention of allowing the CO 2 to rise under buoyancy, relying on the tortuous migration path to impede the vertical migration (Bryant et al. 2006; Flett et al. 2007 ). Here, one needs to estimate the distribution of possible arrival times at a shallower level. This is particularly important, if there is no regional seal, or if there is a risk of affecting hydrocarbon or groundwater resources in another formation. Similar concerns exist in the field of contaminant transport in aquifer systems, where large-scale heterogeneity in hydraulic properties has an important effect on the (downward) movement of the plume (Carle et al. 2006 ). There are thick formations which may be suitable for storage of large volumes of CO 2 if it can be established that the migration time to the top of the formation from deep injection is sufficiently slow, because early arrival could compromise existing resources. In this situation, the variance of the possible arrival time becomes significant, not merely the mean value.
The second kind occurs in the long-term as CO 2 dissolves in the formation water, causing a slight density increase which is usually sufficient to induce slow convection in the aqueous phase, and thus significantly accelerate the overall dissolution process. Previous studies analyzed idealized models to estimate the time scales for the start of convection (Ennis-King and Paterson 2003; Farajzadeh et al. 2007; Hassanzadeh et al. 2006 Hassanzadeh et al. , 2007 Lindeberg and Wessel-Berg 1997; Rees et al. 2008; Riaz et al. 2006 ). However, these models ignore the presence of heterogeneity and use an effective vertical permeability which is only valid for large vertical distances (Ennis-King et al. 2005; Ennis-King and Paterson 2005) .
In order to quantify the effects of vertical heterogeneity, a simple model consisting of a random and uncorrelated distribution of horizontal impermeable barriers with a given overall volume fraction and distribution of lengths was studied. Previous study has obtained the average vertical permeability of this model (Begg and King 1985) , using a statistical streamline method. However, the length of individual streamlines will vary, depending on their tortuosity. This results in pathways with a higher permeability than the average vertical permeability, leading to shorter breakthrough times.
In this study, a comparison is made between 2D numerical simulation results of CO 2 injection and convective mixing of dissolved CO 2 in both heterogenous formations and homogenous formations with effective permeability equal to the heterogeneous case. In doing so, the consequences of upscaling permeability in these problems of interest are demonstrated. Section 2 outlines theoretical results from this simple heterogeneous model for the variation of vertical permeability in two and three dimensions. Using these results allows the scaling behaviour of distribution of breakthrough times over multiple realizations for varying barrier distributions to be elucidated, due to its relationship to the distribution of vertical permeability. Then, Sect. 3 presents 2D numerical simulation results for CO 2 injection and for convective mixing of dissolved CO 2 . Simple theoretical results for the lateral spread of the injected CO 2 plume as a function of plume height are presented, which enable an estimate of the scaling behaviour of the breakthrough time to be derived.
Theoretical Analysis

Effective Vertical Permeability
The effect of impermeable barriers (such as shales) on the vertical permeability of a reservoir was considered in detail by Begg and King (1985) . In that study (as well as the present one), it was assumed that these impermeable barriers are randomly and independently distributed in
